Tuberculosis (TB) remains a global threat and there is an urgent need for improved drugs and treatments, particularly against the drug-resistant strains of Mycobacterium tuberculosis (Mtb). Graphene oxide (GO) is an innovative bi-dimensional nanomaterial that when administered in vivo accumulates in the lungs.
Interestingly, around a quarter of the global population is estimated to be infected by Mycobacterium tuberculosis (Mtb), the etiologic agent of human TB.
1,2
When Mtb reaches the alveolus it is phagocytized by alveolar macrophages that can block the infection. 3 If macrophages fail, active Mtb replication ensues with infection of nearby cells and the bacteria spread to other tissues. 3, 4 Aer these early events, the emergence of the host adaptive immune response usually contains Mtb replication, preventing the development of active disease and leading to a latent state of infection where Mtb persists in a dynamic equilibrium with the host without inducing symptoms or signs of disease. [5] [6] [7] For reasons that still remain unknown, TB reactivation may occur years or decades following primary infection. 3, 8, 9 A rapid diagnosis and the prompt start of the drug regimen can greatly contribute to reducing TB incidence and associated deaths, as clearly stated by the target goals of the End TB strategy. Anti-TB treatments are complex and long-lasting; guidelines recommend the establishment of a 6 month regimen of four rst-line drugs (isoniazid, rifampicin, ethambutol and pyrazinamide) or four rst-line drugs for 2-3 months followed by isoniazid and rifampicin for 2 months.
1 These drug regimens can be associated with toxic events that may contribute to non-compliance and poor treatment outcomes. 10 Treatment of multidrug resistant (MDR-TB) or extensively drug resistant (XDR-TB) strains requires the use of second-line drugs which are more toxic, expensive and less effective, as shown by the success rate of 54% for MDR-TB compared to 85% for drug-susceptible TB.
1,11
New approaches based on nanomaterials have been proposed in TB treatment to increase drug efficacy and/or to maximize organ localization. 12 The innovative bi-dimensional nanomaterial graphene oxide (GO) made of a carbon honeycomb and oxygen functional groups might represent an important support to treat mycobacterial infections. 13, 14 First, it has been demonstrated that GO accumulates in the lungs of mice when intratracheally 15 or intravenously administered. 16 GO inhalation did not show any toxic effects on rat health or any signicant changes in bronchoalveolar proteins, cellular composition and inammatory markers. 17, 18 Second, myeloperoxidases, well known anti-bacterial enzymes, can perform clearance of carbon nanomaterials in the lungs. 19 GO is indeed degraded by peroxidases which create holes in the basal plane of this nanomaterial. 20 Finally, GO does not penetrate large microorganisms with thick cell walls (like fungi) but displays a wrapping/trapping effect: GO sheets build a blanket/web surrounding and isolating microorganisms from the external environment, hindering proliferation and nutrient consumption. 21 This phenomenon could effectively limit Mtb replication and its spreading.
In this study, we characterize the GO anti-mycobacterial activity against the non-pathogenic species Mycobacterium smegmatis (Ms) and the human pathogen Mtb.
Results

Graphene oxide characterization
GO characterization was performed with several techniques and the data are summarized in Fig. 1a . As shown in Fig. 1b , the morphology of GO samples was visualized by AFM. The size distribution analysis showed that most GO sheets (>95%) had sizes comprised between 450 nm and 870 nm and an average thickness of 0.78 AE 0.03 nm, indicating single-layered GO sheets in solution. The size of GO samples was conrmed by dynamic light scattering (average hydrodynamic radius of 511 AE 37 nm). The UV-vis spectrum in Fig. 1c shows an absorption peak at 230 nm, and a shoulder at $300 nm as previously reported. [22] [23] [24] According to the literature, the l max is determined by p / p* transitions while the shoulder peak is attributed to n / p* transitions of the carbonyl groups. 25, 26 GO showed a zeta potential of À36.9 AE 9.6 mV and a C/O ratio of 1.9 AE 0.1, according to previous reports. 27 All these data conrmed that the GO used was monodisperse and highly oxidized.
GO reduces Ms colony forming units (CFUs), in the absence of a direct mycobactericidal effect
We assessed the anti-mycobacterial activity of GO by rst measuring bacterial viability following incubation of the nonpathogenic strain Ms, with serial dilutions of GO in a specic mycobacterial liquid medium (7H9). Firstly, we assayed the GO stability aer incubation in 7H9 or in ddH 2 O. As shown in Fig. 1d , GO aggregates in a dose-dependent manner in 7H9. Conversely GO is stable in ddH 2 O (Fig. 1e) . This aggregation masks GO edges and can be exploited to facilitate trapping of bacteria. Indeed, in previous studies it was demonstrated that salts and nutrients in media used for bacterial and cell culture cause GO aggregation and that bivalent cations favour the tight attachment of bacteria to the surface.
13,27
The results in Fig. 2a indicate that incubation of Ms with GO for 6 h signicantly reduced bacterial CFUs in the medium in a dose-dependent manner. Particularly, concentrations of 1000 mg ml À1 and 500 mg ml À1 signicantly reduced bacterial replication (p < 0.0001).
The impact of GO on mycobacterial metabolism was assessed by the Alamar assay. As shown in Fig. 2b , the reduction of resazurin, which indicates the presence of metabolically active mycobacteria, was measured in all the samples regardless of GO concentration with the only exception of bacteria treated with the antibiotic kanamycin. Additionally, GO appeared to stimulate mycobacterial metabolism at 24 h post treatment in line with the GO probiotic effect observed on other bacteria.
27,28
Ms treated with GO was harvested and analysed using scanning electron microscopy (SEM) to assess cell integrity and bacterial and GO interaction in the medium. As shown in Fig. 2(c, d, g and h) , mycobacteria aggregates were detected at increasing concentrations of GO with no signicant damage to the mycobacterial cells. Mycobacteria treated with kanamycin were visibly lysed or damaged and showed altered morphology as shown in Fig. 2 (e and i).
To conrm the trapping effect, GO-Ms suspensions were sonicated at a power that promotes rupture of bacterial aggregates ( Fig. 3a) and GO sheets, 29 allowing the dispersal of bacterial cells. As shown in Fig. 3b , the increase of CFUs following sonication indicates that GO does not exert direct mycobactericidal activity and conrms that mycobacteria were alive and entrapped by GO sheets.
Taken together, these results indicate that GO treatment promotes trapping of mycobacteria without affecting metabolism or cell integrity, suggesting that the reduction in CFUs observed is not the result of direct GO antimicrobial activity but is caused by bacterial trapping in GO webs formed in 7H9 medium.
GO reduces Ms entry into macrophages
A main feature of mycobacteria is their ability to enter into and survive in macrophages. To test the impact of GO on the mycobacterial entry into phagocytic cells, murine macrophages (J774) were infected with Ms at a MOI of 10 : 1. We assessed GO effects under 3 different experimental conditions, i.e. by infecting cells (i) simultaneously with GO and bacteria, (ii) rst with bacteria and subsequently with GO and (iii) rst with GO and subsequently with bacteria (see Materials and methods for further details). Under all the conditions, intracellular CFUs were quantied and GO aggregate-bacterial interaction was assessed by confocal microscopy using a uorescent Ms strain expressing cytosolic GFP.
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First, to better highlight the ability of GO to block extracellular mycobacterial entry, GO at three different concentrations (1000 mg ml À1 , 100 mg ml À1 and 10 mg ml À1 ) was added in the infecting solution, i.e. together with Ms ( Fig. 4a) . In confocal microscopy experiments, we observed a reduction of intracellular bacteria in macrophages and the formation of bacterial clusters in the extracellular environment (Fig. 4b ). Quantica-tion of the number and size of clusters by image analysis showed a reduction in the number of larger clusters at higher GO concentrations (Fig. 4c ). CFU analysis showed that the presence of GO in the infecting solution caused a reduction in Ms entry in a dose-dependent manner ( Fig. 4d ) which was conrmed by confocal analysis. Additionally, no direct GO cytotoxic effect on J774 macrophages was observed as assessed by measuring cell viability (Fig. 4e ). To determine whether GO was able to restrict mycobacteria intracellularly, infected J774 murine macrophages were washed and then treated with different concentrations of GO (Fig. 5a ). As expected, when GO was added on the macrophages already infected with Ms, no reduction in CFUs or decrease in ), kanamycin or with the medium alone were analysed by SEM to evaluate direct bacterial damage (c-l). One-way ANOVA was used to analyse the Alamar assay results and CFUs. CFUs are reported in log 10 scale.
uorescent aggregates was measured ( Fig. 5b and c) , indicating that GO and bacteria interaction is necessary to obtain the antimicrobial effect.
Finally, since recent studies have demonstrated that large GO sheets are adsorbed on the macrophage plasma membrane, 31 we hypothesized that adsorbed GO creates a barrier which potentially reduces mycobacterial entry. To assess this hypothesis, macrophages were rst treated with a medium containing GO or gentamycin and then infected with Ms ( Fig. 6a) . No visible reduction of CFUs was observed when GO pre-treated macrophages were infected with the Ms strain ( Fig. 6b and c) .
Taken together, these results suggest that GO can inhibit Ms entry into macrophages by trapping mycobacteria while they are in the extracellular space, and it does not show any anti-mycobacterial activity inside the cells or any formation of a physical barrier to limit the infection.
GO decreases Mtb CFUs in an antimicrobial assay and reduces its entry into macrophages
Ms is a model organism for mycobacteria, though the pathogenic and virulence properties of the human pathogen Mtb are much higher. To conrm the observed trapping effects of GO, the same antimicrobial assay was carried out by using virulent Mtb. While GO treatment reduced Ms CFUs at up to 500 mg ml À1 , its efficacy on Mtb was evident only at 1000 mg ml À1 (Fig. 7a) . The trapping phenomenon and the consequent tight association between bacterial cells can affect the linear relationship between viable bacteria in the culture and CFUs. To weigh the impact of trapping on the observed CFU counting, we incubated Mtb with GO as illustrated in Fig. 3a , but before plating for CFU counting the suspension was sonicated (5 or 20 minutes) to disrupt bacterial aggregates with the GO mesh. The results indicate again that the CFUs counted from the mycobacterial-GO suspension increase with the sonication time (Fig. 7b) . Hence, GO does not show a bactericidal effect against Mtb.
To assess the impact of GO on Mtb entry into macrophages, J774 were infected with a solution containing Mtb and GO as previously described. As shown in Fig. 7c , a dose-dependent inhibition of Mtb entry into macrophages was observed, which was consistent with a reduction in uorescent bacteria in/on macrophages (data not shown). Again, when GO was added to the supernatants of cells previously infected with Mtb, no reduction in intracellular CFUs (Fig. 7d) or uorescent bacteria on cells was observed (data not shown) as for Ms. These results conrm the ability of GO to reduce mycobacterial cell internalization by trapping Mtb in the extracellular space. ), kanamycin or with the medium alone. After six hours, suspensions were sonicated for five or twenty minutes (a) and colony forming units (CFUs) were quantified (b). CFUs are reported in log 10 scale.
Finally, macrophages were pre-treated with GO and then infected. Interestingly, at high GO concentration (1000 mg ml À1 ), a slight increase in CFUs was observed (Fig. 7e) . To assess whether this increase was caused by a promotion of adhesion of Mtb to cell membranes mediated by GO, we repeated the experiment and added an antibiotic 1 h post infection to ) at an MOI of 10 : 1 and GO (1000 mg ml À1 , 100 mg ml À1 and 10 mg ml
À1
) or gentamycin. Four hours post infection, the infection solution was removed, and the cells were washed two times (a). Infected cells were fixed by using 4% PFA, permeabilized and marked with red phalloidin in order to perform confocal microscopy analysis (b). Finally, colony forming units (CFUs) were enumerated (d). To exclude that GO-toxicity affected CFUs, a viability assay was performed on GO-treated macrophages (e). One-way ANOVA was used to analyse CFUs, cluster results and the viability assay. CFUs are reported in log 10 scale. eliminate possible Mtb adhering to macrophages. No differences were observed between antibiotic treated or untreated specimens and comparable CFUs were measured (Fig. 7f) . These results indicate that GO at high dose could promote the entry of Mtb into macrophages, while this effect was not observed when macrophages were infected with the non-virulent Ms species.
Discussion
Among the new therapeutic approaches, nanomaterials have been proposed as new anti-bacterial drugs or as carriers for existing antibiotics to increase efficacy and targeted delivery.
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In this context, GO could be seen as a potential anti-mycobacterial agent due to its bactericidal and bacteriostatic properties observed on several bacterial species. 32, 33 In this study, we investigated for the rst time the anti-mycobacterial activity of GO akes with large lateral sizes ($400-800 nm) in axenic cultures and in the in vitro macrophage infection model. The GO ake size range was chosen to comply with that in previous studies which showed that large GO akes are poorly phagocytized and do not affect the viability of macrophages and their functions (see Fig. 4e) .
29,34
We tested GO concentrations starting from 10 mg ml À1 up to 1000 mg ml
À1
, which are concentrations that can be of signi-cance for TB since GO is known to preferentially accumulate in the lungs when administered intratracheally 15 or intravenously. 16 Generally, the GO antibacterial effect is thought to be mediated by a mechanical cutting or perturbation of cell membranes followed by oxidative stress induction. 21 Conversely, we demonstrate the GO trapping effect both on Ms and on the human pathogen Mtb. The trapping effect occurs when GO is well dispersed in solution, but its instability and aggregation can favor the formation of a web. This phenomenon depends on the inability of GO to penetrate microorganisms, especially large microorganisms with thick cell walls like fungi, determining the building of a blocking web. 21 We rst tested the interaction of GO with Ms, an environmental non-pathogenic fast-growing mycobacterium. We observed a signicant reduction of CFUs aer incubation with GO in a dose-dependent manner. SEM analysis indicated that this reduction was mediated by a trapping mechanism and not by direct bacterial cell damage, as observed when mycobacteria were incubated with kanamycin. Indeed, measurements of cell metabolism and sonication of the GO/Ms suspension proved that the interaction with GO akes did not affect mycobacterial growth or cell integrity, in line with previous observations obtained in larger microorganisms as fungi. 13 We conrmed the trapping properties of GO with Mtb even though this effect was signicant only at the highest GO concentration. Mtb and mycobacteria in general possess a unique cell wall, with a chemical composition and features that set them apart from most of the other bacteria. 35 Furthermore, Mtb is a rod-shaped bacillus that can reach several microns in length, and with bacilli organized in clumps (tight bacterial aggregates) which de facto further extend bacterial length, the ratio between bacterial size and GO ake lateral dimensions becomes unbalanced. Hence, the observed anti-mycobacterial activity could be affected by the GO "blade" effect which is largely dependent on Fig. 6 GO does not create a barrier to hinder mycobacteria entry into macrophages. To disprove the fact that GO creates a barrier on the cell surface, murine macrophages (J774) were pre-treated with medium containing GO (1000 mg ml
, 100 mg ml À1 and 10 mg ml À1 ) or gentamycin and medium alone (a). Two hours later, J774 were infected with Ms expressing GFP (Ms species cell wall, cell size and shape. 13, 36 Under our experimental conditions, the GO instability and aggregation in the medium used for bacterial/cell culturing, favor the trapping effect due to the presence of cations and proteins adsorbed on the GO surface.
37 Aggregation masks the GO blades and cations act as "bridges" between the negatively charged GO surface and the mycobacterial surface, which is also negatively charged.
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In a series of experiments, we also showed that treatment with GO impairs mycobacterial entry into macrophages. Interestingly, GO was able to reduce the intracellular mycobacterial load as demonstrated by CFU analysis and confocal microscopy by trapping extracellular mycobacteria. Conning bacteria in the extracellular milieu is a well characterized host defence strategy involving neutrophils and macrophages that generate neutrophilic and macrophagic extracellular traps (NETs and METs, respectively). [39] [40] [41] [42] [43] This local host immune response is associated with the secretion of chemokines and cytokines that promote a strong inammatory response. 44 Interestingly, Mtb can promote NET and MET formation in an ESX-1 dependent mechanism but it can evade the associated antimicrobial activity, thereby exploiting this process to promote inammation and tissue damage while avoiding phagocytosis by activated macrophages.
43, 45 The results of our study, indicating that GO can exert the trapping effect in the absence of signicant inammation, 34 may open new avenues to exploit the use of GO in TB treatment. For instance, hampering Mtb entry into macrophages may prevent the activation of the intracellular pathways that promote inammation. 44 Second, trapping Mtb in the extracellular space may increase the activity of the currently used anti-TB drugs, which can have easier access to the bacillus.
One possible approach may involve the combined use of GO with anti-mycobacterial drugs to enhance antimicrobial activity. ) was incubated with serial concentrations of GO (1000 mg ml À1 to 20 mg ml À1 ), kanamycin or medium alone, and colony forming units (CFUs) were enumerated six hours later directly from the suspension (a) or after sonication (b). Murine macrophages (J774) were infected with Mtb GFP (MOI 1 : 1, 1 hour) in a medium containing GO (1000 mg ml À1 , 100 mg ml À1 and 10 mg ml À1 ) or gentamycin, and finally incubated for 5 h (c). In the second experimental setting, J774 were infected with a suspension of Mtb (MOI 1 : 1) and after 1 h were washed and GO was added after 5 h (d). Finally, J774 were pre-treated with GO and after 4 h were infected with Mtb (MOI 1 : 1) (e). Finally, pre-treated infected cells were also incubated with gentamycin and CFU analysis was carried out two hours later (f). Oneway ANOVA was used to analyse CFUs or clusters results. CFUs are reported in log 10 scale.
Future studies could test this treatment in the murine model of pulmonary TB 46 or in the ex vivo model of human granuloma-like structures (GLSs) that is based on the infection of peripheral blood leukocytes. 47, 48 In our opinion, testing the activity of GO with anti-TB drugs in this model would be extremely useful, since it involves different cell types and can be used to assess the impact of GO on the type of cellular organizations of the GLSs.
Conclusions
A variety of nanomaterials with dimensions of tens to hundreds of nanometres are currently emerging as promising therapeutic agents. We demonstrated the ability of GO to reduce Ms or Mtb entry into macrophages by trapping extracellular mycobacteria in a dose dependent manner. This ability could be used to design therapies for the acute phases of Mtb infection when mycobacteria actively replicate and infect new cells. GO therapy would also take advantage of its natural accumulation in the lungs 31, 34 reducing the need for high dose antibiotics and consequently the side effects on patients.
Materials and methods
Bacterial strain manipulation
All minimal inhibitory concentration (MIC) assays and infection studies were performed using the rapid growth Mycobacterium smegmatis strain mc 2 155 (Ms) and the virulent reference strain Mtb H37Rv. Both strains expressed the cytoplasmic green uorescent protein (GFP) under the control of hps60 promoter (Ms  GFP and Mtb   GFP   ) . 30, 49 All manipulations of the virulent Mtb GFP were performed inside a biosafety level 3 (BSL-3) laboratory. Both Ms GFP and Mtb GFP were grown to their logarithmic phase peak (OD 600 : 0.5-0.8) in 7H9 liquid medium (Difco) supplemented with 10% Albumin Dextrose Catalase (ADC) (Sigma-Aldrich) and 0.05% Tween 80 (Sigma-Aldrich) at 37 C and 110 rpm. The bacterial suspension was harvested and frozen by adding 20% sterile pure glycerol (Carlo Erba reagents) and keeping it at À80 C. The total number of bacteria in the frozen suspension was established by plating.
In vitro antimicrobial assay
The MIC assay was carried out by incubating Ms GFP with scalar dilution of GO in 7H9 medium supplemented with 10% ADC and 0.05% Tween 80, as previously described. A suspension of 10 ml of 10 5 bacteria per ml was incubated with 1000 mg ml À1 to 20 mg ml À1 GO at 37 C with continuous agitation. Suspensions of bacteria and bacteria plus kanamycin, at a nal concentration of 0.5 mg ml À1 , were used as positive and negative growth controls, respectively. Six hours post incubation colony forming units (CFUs) were determined by plating serial dilutions of the suspensions on 7H11 solid medium (Difco) supplemented with 10% Oleic Albumin Dextrose Catalase (OADC) (SigmaAldrich). 38 To measure the GO trapping effect, suspensions of mycobacteria/GO were sonicated in a water bath (Becton Dickinson, output puissance 100 W to 42 kHz AE6%) for different time points (5 0 and 20 0 ) and the CFU was determined as above. 
Mycobacterial infection
J774 macrophages were infected with Ms GFP using a multiplicity of infection (MOI) of 10 (10 bacteria to 1 cell) in three different ways schematically represented (Fig. 4a, 5a and 6a ). In the rst experiment a suspension of bacteria, bacteria and GO (1000 mg ml À1 , 100 mg ml À1 and 10 mg ml À1 ) and bacteria plus gentamicin, at a nal concentration of 1000 mg ml
À1
, was used to infect macrophages. Four hours post infection, cells were washed three times with sterile warm PBS and fresh medium was added. Six hours post infection, cells were washed with PBS, harvested with 0.01% Triton X-100, and colony forming units (CFUs) were quantied. In the second experimental setting, macrophages were infected with Ms GFP alone. Four hours post infection, cells were washed three times with sterile warm PBS and fresh medium containing GO (1000 mg ml À1 , 100 mg ml
and 10 mg ml À1 ) or gentamycin (1 mg ml À1 ) was added to each well. Finally, the plate was incubated for two hours until the cells were harvested and CFUs were obtained as described. Conversely, Mtb infection was carried out using an MOI of 1 (1 : 1 bacterium to cell ratio) and the initial infection was for 1 hour instead of 4 hours, in line with our previous research.
50,51
In the third experimental setting, macrophages were pre-treated with medium alone and medium containing GO (1000 mg ml À1 , 100 mg ml À1 and 10 mg ml À1 ) or gentamycin (10 mg ml À1 ). Four hours later, the macrophages were infected with Ms GFP (MOI 10) or Mtb GFP (MOI 1) and CFUs were obtained as previously described. A series of Mtb infected cells were also incubated with gentamycin two hours post infection, until CFUs were obtained. During infection, the cells were incubated under standard atmospheric conditions in all experimental settings.
Mycobacteria viability assay
To assess the viability of Ms GFP during the MIC assay, aliquots of the suspension containing only bacteria, bacteria and GO, or bacteria plus kanamycin were collected and plated in a 96 well plate. Alamar Blue reagent (Biosource) was added in each well according to the manufacturer's instructions. Alamar reduction was assessed at 470 nm at 0, 6 and 24 hours aer infection. Values of the control wells containing GO, kanamycin and medium alone were acquired to normalize the assay.
Cell viability
The cytotoxic effects of GO and antibiotics were studied using a commercial CellTiter-Blue® Cell Viability Assay (Promega, WI, U.S.A. 
Atomic force microscopy (AFM)
The samples were prepared as described elsewhere. 54 Briey, 20 ml of the samples were deposited on sterile, freshly cleaved mica disks and air-dried. Aer sample preparation, measurements were carried out with a NanoWizard II atomic force microscope (JPK Instruments AG, Berlin, Germany). Images were acquired using a standard AFM probe featuring pyramidal silicon tips, beam silicon cantilevers and rectangular silicon chips (CSC37 Mikro-Masch, Tallinn, Estonia). The tip was characterized by an end radius of about 10 nm and a half conical angle of 20 . The height of the tip was 15 mm. Cantilevers with a nominal spring constant of about k ¼ 0.4 N m À1 were accurately calibrated as previously reported.
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Confocal microscopy
To perform microscope analysis, J774 macrophages were plated on sterile chamber slides (ibidi) at a concentration of 1.2 Â 10 6 cell per ml and then incubated overnight under standard atmospheric conditions. The chamber slides were infected following the previously indicated experimental settings. Aer 6 hours post infection the chamber slides were washed with PBS and then treated with 4% paraformaldehyde (PFA) overnight. Finally, the chamber slides were washed with PBS and analysed by confocal microscopy.
38
Images were collected by using an inverted confocal microscope (DMIRE2, Leica Microsystems, Wetzlar, Germany) equipped with a 63Â oil immersion objective. For GFP excitation a He/Ne laser at 476 nm was used. Internal photon multiplier tubes collected 8 bit unsigned images at a 400 Hz scan speed in an emission range between 510 nm and 600 nm. Imaging was performed at room temperature. Image processing was performed with ImageJ soware; image background values (dened as intensities below 7% of the maximum intensity) were set to zero and coloured in black.
Images of the infected cells, previously permeabilized and marked with phalloidin-red (Life Technologies), were collected using an inverted microscope (Nikon A1 MP+, Nikon, Japan) with an ADL 40Â objective lens. Cells were imaged with a laser wavelength of excitation of 561 nm (emission GaAsp Detector 595/50 nm). For bacteria expressing GFP, a laser wavelength of excitation of 488 nm was used (emission GaAsp Detector 525/50 nm). Images were then analysed with ImageJ soware.
Scanning electron microscopy (SEM)
For scanning electron microscopy, samples were xed in glutaraldehyde, dehydrated in ethanol and sputter coated as reported previously.
55 Cells and bacteria were imaged with a SEM Supra 25 (Zeiss, Germany).
Data analysis
All experiments were replicated at least three times. Microso Excel (Office 2016) and Graphpad Prism soware version 6 (GraphPad soware) were used to collect and to analyse the data. All data were analysed by a one-way ANOVA comparison test, followed by the appropriate correction, and expressed as mean plus SD as specied in the caption under each gure.
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